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7KH )RXUWK ,QWHUQDWLRQDO 6\PSRVLXP RQ ,QQRYDWLYH 1XFOHDU (QHUJ\ 6\VWHPV ,1(6
(mHFW RI DQQHDOLQJ RQ WKHUPDO GLmXVLYLW\ LQ FHUDPLFV LUUDGLDWHG E\
HOHFWURQV DQG QHXWURQV
0DVDIXPL $NL\RVKLD e ,NXML 7DNDJLE 7RVKLPDVD <RVKLLHF ;X 4LXF .RLFKL 6DWRF
7R\RKLNR <DQRG
D 'HSDUWPHQW RI 1XFOHDU (QJLQHHULQJ .\RWR 8QLYHUVLW\ .\RXWRGDLJDNX.DWVXUD 1LVKLN\RXNX .\RWR  -DSDQ
E 4XDQWXP 6FLHQFH DQG (QJLQHHULQJ &HQWHU .\RWR 8QLYHUVLW\ 8ML .\RWR  -DSDQ
F 5HVHDUFK 5HDFWRU ,QVWLWXWH .\RWR 8QLYHUVLW\ .XPDWRULFKR 2VDND  -DSDQ
G 5HVHDUFK /DERUDWRU\ IRU 1XFOHDU 5HDFWRUV 7RN\R ,QVWLWXWH RI 7HFKQRORJ\  2RND\DPD 0HJXURNX 7RN\R  -DSDQ
$EVWUDFW
m$O2 $O1 n6L1 DQG n6L& FHUDPLF VSHFLPHQV ZHUH LUUDGLDWHG E\ D 0H9 HOHFWURQ EHDP XS WR  GSD
DW y& DQG WKH\ VWDUWHG WR UHFRYHU WKHUPDO GLmXVLYLW\ ZLWK DQQHDOLQJ IURP ^y& ,Q SUHYLRXV VWXGLHV VLPLODU
FHUDPLFV ZHUH KHDYLO\ QHXWURQLUUDGLDWHG LQ D IDVW UHDFWRU -2<2 DQG WKH QHXWURQLUUDGLDWHG n6L1 DQG n6L& DOVR
VKRZHG UHFRYHU\ DERYH y& WKRXJK WKH\ ZHUH LUUDGLDWHG DW y& RU y& 7KLV UHVXOW LV H[SODLQHG E\ WKH K\SRWKHVLV
WKDW D CSULPDU\
 LUUDGLDWLRQ RFFXUUHG DW WKH VHW WHPSHUDWXUH DQG DIWHU WKDW D CVHFRQGDU\
 LUUDGLDWLRQ RFFXUUHG DW D
ORZHU WHPSHUDWXUH GXULQJ WKH VKXWGRZQ SURFHVV RI WKH UHDFWRU ,Q FRQWUDVW WKH QHXWURQLUUDGLDWHG m$O2 DQG $O1 GLG
QRW VKRZ VXFK XQH[SHFWHG UHFRYHU\ EXW VKRZHG UHFRYHU\ DERYH y& 7KLV GLmHUHQFH LV H[SODLQHG RQ WKH EDVLV RI
VWUXFWXUDO PRGHOV RI GLVORFDWLRQ ORRSV QDPHO\ WKH CSLOHXS
 PRGHO DQG WKH CQDQRSDUWLWLRQ
 PRGHO
Fo  7KH $XWKRUV 3XEOLVKHG E\ (OVHYLHU /WG
6HOHFWLRQ DQG SHHUUHYLHZ XQGHU UHVSRQVLELOLW\ RI WKH 7RN\R ,QVWLWXWH RI 7HFKQRORJ\
.H\ZRUGV FHUDPLFV QHXWURQ LUUDGLDWLRQ HOHFWURQ LUUDGLDWLRQ WKHUPDO GLmXVLYLW\ LVRFKURQDO DQQHDOLQJ
 ,QWURGXFWLRQ
7KHUPDO GLmXVLYLW\ LV RQH RI WKH PRVW LPSRUWDQW FKDUDFWHULVWLFV RI FHUDPLF PDWHULDOV XVHG LQ IXVLRQ UHDFWRUV
,Q FHUDPLFV XQOLNH PHWDOV KHDW LV PDLQO\ FDUULHG E\ SKRQRQV 3KRQRQ WUDQVSRUWDWLRQ LV REVWUXFWHG E\ ODWWLFH
GHIHFWV HVSHFLDOO\ YDFDQFLHV ,W KDV EHHQ UHSRUWHG WKDW QHXWURQLUUDGLDWHG VSHFLPHQV VKRZ VHYHUH GHJUDGDWLRQ
LQ WKHUPDO GLmXVLYLW\ EHFDXVH RI LUUDGLDWLRQ LQGXFHG GHIHFWV > @
,Q SUHYLRXV VWXGLHV >  @ WKHUPDO GLmXVLYLW\ RU FRQGXFWLYLW\ GXULQJ LUUDGLDWLRQ ZDV HVWLPDWHG IURP SRVW
LUUDGLDWLRQ PHDVXUHPHQWV XVLQJ VHYHUDO DVVXPSWLRQV 2QH DVVXPSWLRQ LV WKDW WKH DPRXQW RI CWUDQVLHQW GHIHFW

GXULQJ LUUDGLDWLRQ LV VPDOO HQRXJK  +HUH CWUDQVLHQW GHIHFW
 LV FRQVLGHUHG WKDW LW H[LVWV IRU D YHU\ VKRUW WLPH
GXULQJ LUUDGLDWLRQ '\QDPLF HmHFWV GXH WR CWUDQVLHQW GHIHFWV
 GXULQJ LUUDGLDWLRQ DUH DQ LPSRUWDQW LVVXH WR
XQGHUVWDQG WKH SURFHVVHV WKDW SURGXFH GHIHFWV >@ +RZHYHU RQO\ D IHZ LQVLWX H[SHULPHQWDO VWXGLHV KDYH EHHQ
FRQGXFWHG >@ H[FHSW LQYHVWLJDWLRQV RI HOHFWURQ H[FLWDWLRQ OLNH UDGLDWLRQ LQGXFHG FRQGXFWLYLW\  5,&  >^@
RU OXPLQHVFHQFH PHDVXUHPHQWV >@ +HQFH DQ LQVLWX PHDVXUHPHQW RI SRVLWURQ DQQLKLODWLRQ OLIHWLPH  3$/ 
GXULQJ LRQEHDP LUUDGLDWLRQ LV QRZ RQ HDUO\ SUDFWLFH > @ DQG WKH UHVXOWV YDOLGDWH WKH DVVXPSWLRQ WR D ODUJH
H[WHQW
+RZHYHU DQRWKHU DVVXPSWLRQ LV UHTXLUHG WR HQDEOH WKH HVWLPDWLRQ PHQWLRQHG DERYH WKDW LV WKH LUUDGLDWLRQ
WHPSHUDWXUH LV FRQVWDQW 7KDW PHDQV WKDW LQ D WHVW LUUDGLDWLRQ HQYLURQPHQW WKH WHPSHUDWXUH LV NHSW FRQVWDQW
GXULQJ LUUDGLDWLRQ ZKLOH D PDWHULDO XVHG LQ D UHDOOLIH IXVLRQ UHDFWRU HQFRXQWHUV D FRQVWDQW KHDW ORDG 6SHFLPHQV
WKDW DUH QHXWURQLUUDGLDWHG KHDYLO\ FRQWDLQ PDQ\ W\SHV RI GHIHFW VXFK DV LQWHUVWLWLDO DWRPV YDFDQFLHV GLVOR
FDWLRQ ORRSV YRLGV DQG VR RQ 7KHVH GHIHFWV LQWHUDFW ZLWK HDFK RWKHU DQG WKHLU DPRXQW DQG VL]H DUH FKDQJHG
e3KRQH)D[   HPDLO DNL\RVKL#QXFOHQJN\RWRXDFMS
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GXULQJ LUUDGLDWLRQ DW HOHYDWHG WHPSHUDWXUH ,UUDGLDWLRQ WHPSHUDWXUH FKDQJHV WKH UHDFWLRQ YHORFLW\ DFFRUGLQJO\
LW FKDQJHV WKH GLVWULEXWLRQ RI GHIHFWV 7KHQ WKH PRGLnHG GLVWULEXWLRQ RI GHIHFWV FKDQJHV WKHUPDO GLmXVLYLW\ RI
WKH VSHFLPHQ 8QGHU D FRQVWDQW KHDW oX[ HQYLURQPHQW WKH WHPSHUDWXUH RI D VSHFLPHQ LV GHWHUPLQHG E\ LWV
WKHUPDO GLmXVLYLW\ 7KHUHIRUH WKHVH FRUUHODWLRQV PDNH LW GLpFXOW WR n[ WKH WHPSHUDWXUH RI WKH VSHFLPHQ GXULQJ
LUUDGLDWLRQ
7R UHVROYH WKLV SUREOHP DQ DQDO\VLV EDVHG RQ UHDFWLRQ NLQHWLFV LV UHTXLUHG ,Q WKLV DQDO\VLV WKH UHDFWLRQ
EHWZHHQ LQWHUVWLWLDO DWRPV YDFDQFLHV GLVORFDWLRQ ORRSV DQG YRLGV LV H[SODLQHG E\ WKHLU GHQVLW\ DQG UHDFWLRQ
YHORFLW\ ,Q WKH VLPSOHVW PRGHO WKH FRUUHODWLRQ LV GHVFULEHG DV EHORZ
q ,  ,Q  ,Q
q ,  9  
q9  9Q  9Q
ZKHUH , LQWHUVWLWLDO DWRP ,Q FOXVWHU RI LQWHUVWLWLDO DWRPV WKDW FRQWDLQV Q DWRPV 9 YDFDQF\ 9Q FOXVWHU RI
YDFDQFLHV WKDW FRQWDLQV Q YDFDQFLHV DQG  UHSUHVHQW QR GHIHFW ,Q FHUDPLFV D FOXVWHU RI LQWHUVWLWLDO DWRPV LV
XVXDOO\ DQ LQWHUVWLWLDO GLVORFDWLRQ ORRS DQG D FOXVWHU RI YDFDQFLHV LV XVXDOO\ D YRLG 'XULQJ QHXWURQ LUUDGLDWLRQ
WKHVH UHDFWLRQV FRQoLFW HDFK RWKHU VR LW LV GLpFXOW WR GHWHUPLQH WKH YHORFLW\ RI HDFK UHDFWLRQ ,Q SUHYLRXV VWXGLHV
VSHFLPHQV WKDW ZHUH QHXWURQLUUDGLDWHG KHDYLO\ ZHUH DQQHDOHG WR VWXG\ WKHLU UHFRYHU\ EHKDYLRU > ^@ 7KH
UHFRYHU\ RI WKHUPDO GLmXVLYLW\ ZDV FRPSDUHG WR WKDW RI PDFURVFRSLF VZHOOLQJ DQG LW SDUWO\ UHSUHVHQWHG WKH
GLVWULEXWLRQ RI WKHVH GHIHFWV +RZHYHU WKH GLVFXVVLRQV ZHUH TXDOLWDWLYH DQG QRW TXDQWLWDWLYH
2Q WKH RWKHU KDQG HOHFWURQ LUUDGLDWLRQ LQGXFHV D VLPSOH )UHQNHO SDLU ,Q WKLV VWXG\ 0H9 HOHFWURQ DF
FHOHUDWRU .855,.\RWR 8QLYHUVLW\ 5HVHDUFK 5HDFWRU ,QVWLWXWH/LQDF ZDV XVHG WR LQGXFH SRLQWGHIHFWV LQ EXON
FHUDPLF VSHFLPHQV DQG UHFRYHU\ EHKDYLRU ZLWK DQQHDOLQJ ZDV FRPSDUHG WR WKDW RI WKH KHDYLO\ QHXWURQLUUDGLDWHG
VSHFLPHQV
7KH PD[LPXP HQHUJ\ RI D SULPDU\ NQRFNRQ DWRP  3.$  GXULQJ WKH 0H9 HOHFWURQ LUUDGLDWLRQ LV REWDLQHG
DV (SPD[  ((  PF 0F ZKHUH (SPD[  PD[LPXP 3.$ HQHUJ\ (  LQFLGHQW HQHUJ\ RI HOHFWURQ P 
UHVW PDVV RI DQ HOHFWURQ F  YHORFLW\ RI OLJKW DQG 0  PDVV RI D WDUJHW :KHQ WKH PDVV WDUJHW LV  DPX (SPD[
LV FDOFXODWHG DV  NH9 +RZHYHU WKH DYHUDJH 3.$ HQHUJ\ ZDV RQO\  H9 HYHQ E\ 0H9 LQFLGHQW HOHFWURQV
DQG WKH .LQFKLQ3HDVH PRGHO JLYHV D GLVSODFHPHQW GDPDJH IXQFWLRQ DV  7KLV UHVXOW VKRZV WKDW HYHQ XVLQJ
WKH 0H9 HOHFWURQ LUUDGLDWLRQ LQGXFHG GHIHFWV DUH PRVWO\ SRLQW GHIHFWV OLNH WKH )UHQNHO SDLU )XUWKHUPRUH
WKH HOHFWURQLUUDGLDWLRQ LQ WKLV VWXG\ ZDV SHUIRUPHG DW y& LQ FRROLQJ ZDWHU
7KH QHXWURQ LUUDGLDWLRQ ZDV SHUIRUPHG XS WR VHYHUDO WHQV GSD DERYH y& DQG PDQ\ LQWHUVWLWLDO GLVORFD
WLRQ ORRSV ZHUH REVHUYHG E\ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\  7(0  >  ^@ 7KLV GLmHUHQW GHIHFW
GLVWULEXWLRQ OHDGV WR GLmHUHQW EHKDYLRU ZLWK DQQHDOLQJ
 ([SHULPHQWDO
,Q WKLV VWXG\ m$O2 $O1 n6L1 DQG n6L& ZHUH VHOHFWHG DV W\SLFDO FHUDPLF PDWHULDOV ,W LV ZHOO NQRZQ
WKDW n6L& LV WKH PRVW LPSRUWDQW PDWHULDO IRU QXFOHDU DSSOLFDWLRQV DQG m$O2 LV XVHG DV DQ LQVXODWRU ,Q
DGGLWLRQ $O1 ZDV VHOHFWHG EHFDXVH RI LWV KLJK WKHUPDO GLmXVLYLW\ EHIRUH LUUDGLDWLRQ ZKLFK PDNHV LW HDV\ WR
HVWLPDWH WKH HmHFW RI LQGXFHG GHIHFWV n6L1 VKRZHG KLJKHU WKHUPDO GLmXVLYLW\ DQG ORZHU VZHOOLQJ WKDQ n
6L& DIWHU KLJK QHXWURQ LUUDGLDWLRQV >@ DQG WKLV PDNHV n6L1 D FDQGLGDWH PDWHULDO IRU QXFOHDU DSSOLFDWLRQV
3URSHUWLHV RI WKH QRQLUUDGLDWHG VSHFLPHQV XVHG IRU HOHFWURQLUUDGLDWLRQ DUH OLVWHG LQ 7DEOH  7KH VSHFLPHQV
XVHG IRU QHXWURQLUUDGLDWLRQ ZHUH GLmHUHQW IURP VSHFLPHQV XVHG IRU HOHFWURQLUUDGLDWLRQ DQG WKH\ ZHUH UHSRUWHG
LQ GHWDLO LQ D SUHYLRXV ZRUN >@
(OHFWURQ LUUDGLDWLRQ RQ FHUDPLF VSHFLPHQV ZDV SHUIRUPHG XVLQJ WKH 0H9 HOHFWURQ /LQDF DW WKH .\RWR
8QLYHUVLW\ 5HVHDUFK 5HDFWRU ,QVWLWXWH 7KH LUUDGLDWLRQ ZDV RSHUDWHG LQ SXOVH PRGH ZLWK D SHDN FXUUHQW RI
P$ IRU xV DQG WKH IUHTXHQF\ ZDV +] VR EHDP FXUUHQW DYHUDJHG DERXW x$ LQ  FP 7KH
UDQJH RI WKH 0H9 HOHFWURQ EHDP LQ FHUDPLFV LV GHHSHU WKDQ  FP VR WKH GHIHFWV ZHUH LQGXFHG HTXDOO\ DOORYHU
WKH PPdPP VSHFLPHQ ZLWK D GRVH RI db GSD 6SHFLPHQV ZHUH LUUDGLDWHG LQ oRZLQJ FROG ZDWHU
LQ DQ DOXPLQXP FKDPEHU DQG LUUDGLDWLRQ WHPSHUDWXUH ZDV NHSW DW DERXW y&
7KH QHXWURQ LUUDGLDWLRQV ZHUH SHUIRUPHG LQ WKH -DSDQHVH H[SHULPHQWDO IDVW UHDFWRU -2<2 DQG FDSVXOHV RI WKH
VSHFLPHQV ZHUH HQFORVHG LQ WKH &RUH 0DWHULDO ,UUDGLDWLRQ 5LJV &0,5 ,Q WKH ULJV LUUDGLDWLRQ WHPSHUDWXUH
RI D VSHFLPHQ ZDV GHWHUPLQHG E\ JDPPD KHDWLQJ RI WKH VSHFLPHQ VRGLXP oRZ LQ WKH FRPSDUWPHQW DQG KHDW
FRQGXFWLRQ RI WKH GRXEOHZDOOHG WXEHV $IWHU WKH LUUDGLDWLRQ WKH LUUDGLDWLRQ WHPSHUDWXUH RI HDFK FDSVXOH ZDV
FRQnUPHG XVLQJ D 7KHUPDO ([SDQVLRQ 'LmHUHQFH WHPSHUDWXUH  7('  PRQLWRU (DFK FDSVXOH FRQWDLQHG m
$O2 $O1 n6L1 DQG n6L& VSHFLPHQV DQG WKH\ ZHUH LUUDGLDWHG XQGHU WKH VDPH FRQGLWLRQ 7KH FDSVXOH
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7 ZDV LUUDGLDWHG WR  GSD   d  QP  DW y& DQG WKH FDSVXOH 7 ZDV LUUDGLDWHG WR  GSD
 d  QP  DW y& 7KH GLPHQVLRQV RI WKHVH VSHFLPHQV ZHUH PPdPP
,Q WKLV VWXG\ WKH WKHUPDO GLmXVLYLW\ ZDV PHDVXUHG E\ D ODVHU oDVK PHWKRG XVLQJ D FXVWRPPDGH PHDVXUH
PHQW V\VWHP  8/9$& 7HFKQR 7&6SHFLDO  WKDW FDQ PHDVXUH D PP VPDOO GLVN DQG UHVXOWV ZHUH
DQDO\]HG XVLQJ D FRQYHQWLRQDO W  PHWKRG 7KH ODVHU SRZHU RI HDFK oDVK ZDV  - LQ PV DQG WKDW LQFUHDVHG
WKH WHPSHUDWXUH RI WKH VSHFLPHQ E\ DERXW y& ZLWK W   PV 7KH SUHFLVLRQ RI WKHUPDO GLmXVLYLW\ ZLWK
WKLV PHDVXUHPHQW V\VWHP LV h IRU D VSHFLPHQ RI PP RU h IRU PP VDPSOH $OO VSHFLPHQV ZHUH
FRDWHG ZLWK D FDUERQ VSUD\ DQG EDNHG RQ D KRW SODWH DW y& WR DYRLG WUDQVPLVVLRQ RI WKH ODVHU oDVK $OO
PHDVXUHPHQWV ZHUH SHUIRUPHG DW URRP WHPSHUDWXUH DQG REWDLQHG WKHUPDO GLmXVLYLW\ ZDV DGMXVWHG WR WKDW DW
y& XVLQJ WKH IXQFWLRQ m  m77  ZKHUH m UHSUHVHQWV WKH WKHUPDO GLmXVLYLW\ DW y& . 7 LV WKH
PHDVXUHPHQW WHPSHUDWXUH DQG m7 LV WKH PHDVXUHG WKHUPDO GLmXVLYLW\ DW WKH WHPSHUDWXUH 7  7KLV DGMXVWPHQW
DVVXPHV WKDW WKHUPDO GLmXVLYLW\ m FKDQJHV ZLWK WHPSHUDWXUH 7 DV m N 7  ZKHUH N LV D FRQVWDQW $IWHU WKH
LUUDGLDWLRQ D FRQVWDQW Q WKDW UHSUHVHQWV WKH GLVWULEXWLRQ RI GHIHFWV LV DGGHG DQG WKH WHPSHUDWXUH GHSHQGHQFH
ZDV FKDQJHG WR m  N 7Q >@ 1HYHUWKHOHVV WKH GLmHUHQFH RI WKH PHDVXUHPHQW WHPSHUDWXUH IURP y& ZDV
VPDOO VR WKH VLPSOH IXQFWLRQ ZLWKRXW WKH Q SDUDPHWHU ZDV XVHG IRU WKH DGMXVWPHQW
$IWHU WKH PHDVXUHPHQW RQ WKH DVLUUDGLDWHG VSHFLPHQV LVRFKURQDO DQQHDOLQJ ZDV FRQGXFWHG HYHU\ y& XS
WR y& IRU HOHFWURQLUUDGLDWHG VSHFLPHQV RU y& IRU QHXWURQLUUDGLDWHG VSHFLPHQV LQ YDFXXP 6SHFLPHQV
ZHUH DQQHDOHG IRU  K DW D VHW WHPSHUDWXUH $IWHU WKH DQQHDOLQJ VSHFLPHQV ZHUH FRROHG LQ WKH IXUQDFH WR
URRP WHPSHUDWXUH DQG WKHUPDO GLmXVLYLW\ PHDVXUHPHQWV ZHUH SHUIRUPHG $QQHDOLQJ DERYH y& ZDV QRW
FDUULHG RXW IRU WKH HOHFWURQLUUDGLDWHG VSHFLPHQV WR DYRLG FRQWDPLQDWLRQ ZLWK UDGLR DFWLYH QXFOLGHV FUHDWHG E\
WUDQVPXWDWLRQ VXFK DV + RU & 7KH DQQHDOLQJ DQG PHDVXUHPHQW RI WKH HOHFWURQLUUDGLDWHG VSHFLPHQV ZDV
SHUIRUPHG DW WKH 5DGLDWLRQ /DERUDWRU\ LQ WKH 8ML&DPSXV RI .\RWR 8QLYHUVLW\
7DEOH  3URSHUWLHV RI FHUDPLF VSHFLPHQV IRU HOHFWURQ LUUDGLDWLRQ
PDWHULDO m$O2 $O1 n6L1 n6L&
PDQXIDFWXUHU 7RUD\ 7RNX\DPD 7RUD\ %ULGJHVWRQH
SURGXFW QDPH $ 6+ 61 3%6
VLQWHULQJ PHWKRG SUHVVXUHOHVV SUHVVXUHOHVV KRWSUHVV KRWSUHVV
WKHUPDO GLmXVLYLW\ >bPV@    
GHQVLW\ > NJP@    
<RXQJ
V PRGXOHV >*3D@    
WKHUPDO FRQGXFWLYLW\ >:Pc.@    
YROXPH UHVLVWLYLW\ >lcFP@ !   d  !   d b
 5HVXOWV
)LJV DG VKRZ UHFRYHU\ EHKDYLRU RI WKHUPDO GLmXVLYLW\ ZLWK LVRFKURQDO DQQHDOLQJ LQ WKH HOHFWURQ DQG
QHXWURQLUUDGLDWHG FHUDPLF VSHFLPHQV 7KH HUURU EDU VKRZV WKH VWDQGDUG GHYLDWLRQ RI WKH YDOXHV PHDVXUHG
DERXW  WLPHV ,Q RXU HDUOLHU VWXGLHV >^@ WKH WKHUPDO GLmXVLYLW\ LQ WKH QHXWURQLUUDGLDWHG VSHFLPHQV ZDV
QRW FRUUHFWHG SURSHUO\ IRU WKH IRUP IDFWRU  7 DQG 7 QHXWURQLUUDGLDWHG VSHFLPHQV ZHUH PP XQOLNH D
VWDQGDUG VSHFLPHQ WKDW LV PP  VR WKH HYDOXDWHG YDOXHV ZHUH D OLWWOH GLmHUHQW IURP WKH YDOXHV REWDLQHG
KHUH
$OO WKH HOHFWURQLUUDGLDWHG VSHFLPHQV VKRZHG UHFRYHU\ LQ WKHUPDO GLmXVLYLW\ IURP y& HYHQ WKRXJK
WKH LUUDGLDWLRQ WHPSHUDWXUH ZDV DERXW y& m$O2 $O1 DQG n6L1 VSHFLPHQV UHFRYHUHG OLQHDUO\ ZLWK
DQQHDOLQJ WHPSHUDWXUH ,Q WKH FDVH RI m$O2 DQG n6L1 WKH DPRXQW RI GHJUDGDWLRQ ZDV VPDOO EHFDXVH
WKHLU WKHUPDO GLmXVLYLW\ ZDV ORZ EHIRUH LUUDGLDWLRQ   DQG dbPV  7KH HOHFWURQLUUDGLDWHG n
6L1 VSHFLPHQ  )LJF VKRZHG D OLWWOH FRPSOH[ UHFRYHU\ EXW LW LV LQGLFDWHG ZLWK D VLPSOH OLQH EHFDXVH WKH
SUHFLVLRQ ZDV QRW nQH HQRXJK WR VHSDUDWH LW WR VHYHUDO VWDJHV ,Q DGGLWLRQ WKH H\HJXLGH OLQH XSURVH IURP D OLWWOH
ORZHU WHPSHUDWXUH WKDQ WKH RWKHU VSHFLPHQV EXW LW LV QRW VXUH ZLWK WKLV VLQJOH UHVXOW 7KH HOHFWURQLUUDGLDWHG
n6L& VSHFLPHQ  )LJG DOVR VKRZHG UHFRYHU\ IURP y& EXW LW GLG QRW UHFRYHU OLQHDUO\ ZLWK WKH DQQHDOLQJ
WHPSHUDWXUH ,Q )LJG H\HJXLGH ZDV GUDZQ DV D TXDGUDWLF IXQFWLRQ RI WKH DQQHDOLQJ WHPSHUDWXUH EXW WKH
SK\VLFDO H[SODQDWLRQ IRU WKLV EHKDYLRU LV QRW FOHDU
2Q WKH RWKHU KDQG WKH QHXWURQLUUDGLDWHG VSHFLPHQV VKRZHG D FRPSOH[ UHFRYHU\ EHKDYLRU 7KHUPDO GLI
IXVLYLW\ RI WKH QHXWURQLUUDGLDWHG m$O2 UHFRYHUHG IURP y& DQG IROORZ D TXDGUDWLF FXUYH DQG WKHQ
UHFRYHUHG JHQWO\ DERYH ^y& 7KH QHXWURQLUUDGLDWHG $O1 VKRZHG D JUDGXDO UHFRYHU\ IURP y& DQG
WKHQ UHFRYHUHG UDSLGO\ DERYH ^y& DV D TXDGUDWLF IXQFWLRQ EXW VWLOO KDG  GHJUDGDWLRQ DIWHU DQQHDO
LQJ DW y& 7KH QHXWURQLUUDGLDWHG n6L1 DQG n6L& VKRZHG D VPDOO UHFRYHU\ IURP y& WKDW DOPRVW
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FRUUHVSRQGV WR WKH FDVH RI WKH HOHFWURQLUUDGLDWHG VSHFLPHQ EXW WKLV WHPSHUDWXUH ZDV ORZHU WKDQ WKH QHXWURQ
LUUDGLDWLRQ WHPSHUDWXUH 6XEVHTXHQWO\ WKH QHXWURQLUUDGLDWHG n6L1 DQG n6L& UHFRYHUHG UDSLGO\ IROORZLQJ
TXDGUDWLF FXUYH DERYH y&  7KH HOHFWURQLUUDGLDWHG n6L& VKRZHG DOPRVW WKH VDPH UHFRYHU\ FXUYH EXW WKH
UDSLG UHFRYHU\ DERYH y& LV QRW FRQnUPHG )XUWKHU ZRUN PD\ FODULI\ WKLV UHFRYHU\ EHKDYLRU DERYH y&
LQ HOHFWURQLUUDGLDWHG VSHFLPHQV XVLQJ DQ DGYDQFHG DQQHDOLQJ V\VWHP WKDW FDQ HQFORVH WKH UDGLRDFWLYH QXFOLGH
VDIHO\

























2 /s  Electron irradiated Ș-Al2O3 (KURL-0708, 0.01dpa at 80Υ)
 Neutron irradiated Ș-Al2O3 (T51, 28dpa at 502Υ)
 Neutron irradiated Ș-Al2O3 (T57, 37dpa at 738Υ)
D m$O2

























 Electron irradiated AlN (KURL-0708, 0.01dpa at 80Υ)
 Neutron irradiated AlN (T51, 28dpa at 502Υ)
 Neutron irradiated AlN (T57, 37dpa at 738Υ)
E $O1




























 Electron irradiated ș-Si3N4 (KURL-0708, 0.01dpa at 80Υ)
 Neutron irradiated ș-Si3N4 (T51, 28dpa at 502Υ)
 Neutron irradiated ș-Si3N4 (T57, 37dpa at 738Υ)
F n6L1
























2 /s  Electron irradiated ș-SiC (KURL-0708, 0.01dpa at 80Υ)
 Neutron irradiated ș-SiC (T51, 28dpa at 502Υ)
 Neutron irradiated ș-SiC (T57, 37dpa at 738Υ)
G n6L&
)LJ  5HFRYHU\ EHKDYLRU RI WKHUPDO GLmXVLYLW\ LQ HOHFWURQLUUDGLDWHG FHUDPLFV ZLWK LVRFKURQDO DQQHDOLQJ
7KH nOOHG V\PEROV UHSUHVHQW WKH HOHFWURQLUUDGLDWHG VSHFLPHQ VKRZQ ZLWK OHIWVLGH D[LV DQG WKH RSHQ V\PEROV
UHSUHVHQW WKH QHXWURQLUUDGLDWHG VSHFLPHQ VKRZQ ZLWK ULJKWVLGH D[LV D m$O2  E $O1 F n6L1 DQG
G n6L&
 'LVFXVVLRQ
 5HFRYHU\ EHKDYLRU RI m$O2 DQG $O1
,Q WKH FDVH RI WKH HOHFWURQLUUDGLDWHG m$O2 DQG $O1 VSHFLPHQV WKHUPDO GLmXVLYLW\ UHFRYHUHG IURP y&
ZKLOH WKH QHXWURQLUUDGLDWHG m$O2 DQG $O1 VKRZHG UHFRYHU\ DERYH ^y&
(DUOLHU VWXGLHV RI DQQHDOLQJ VKRZHG WKDW WKH UHFRYHU\ RI VZHOOLQJ LQ m$O2 WKDW ZDV QHXWURQLUUDGLDWHG DW
y& VWDUWHG EHORZ y& >@ EXW RQ WKH RWKHU KDQG m$O2 WKDW ZDV QHXWURQLUUDGLDWHG DW y& UHFRYHUHG
WKHUPDO GLmXVLYLW\ IURP y& >@ 7KLV GLmHUHQFH LV H[SODLQHG E\ WKH GLmHUHQW GLVWULEXWLRQ RI GHIHFWV LH
SRLQW GHIHFWV RU LQWHUVWLWLDO GLVORFDWLRQ ORRSV ,W ZDV UHSRUWHG WKDW m$O2 VSHFLPHQV QHXWURQLUUDGLDWHG DW
y& VKRZHG WKH VDPH DPRXQW RI ODWWLFH SDUDPHWHU FKDQJH EHWZHHQ WKH DD[LV DQG WKH FD[LV ZKLOH VSHFLPHQV
LUUDGLDWHG DW y& VKRZHG GLmHUHQFH > @ 7KLV GLmHUHQFH UHSUHVHQWV WKH DPRXQW RI LQWHUVWLWLDO GLVORFDWLRQ
ORRSV 7KLV GLmHUHQFH EHFRPH ODUJHU DV WKH LUUDGLDWLRQ WHPSHUDWXUH URVH DQG VKRZHG D VPDOO GLmHUHQFH HYHQ DW
y& >@
,W ZDV DOVR UHSRUWHG WKDW $O1 QHXWURQLUUDGLDWHG DW y& VKRZHG UHFRYHU\ IURP y& ERWK LQ VZHOOLQJ DQG
WKHUPDO GLmXVLYLW\ >@ $O1 VSHFLPHQV QHXWURQLUUDGLDWHG DW y& VKRZHG D GLmHUHQFH EHWZHHQ WKH ODWWLFH
SDUDPHWHU RI WKH DD[LV DQG WKH FD[LV DQG WKHVH ODWWLFH SDUDPHWHUV DQG WKH PDFURVFRSLF OHQJWK ZHUH UHFRYHUHG
VWDUWLQJ IURP y& ,Q DQRWKHU VSHFLPHQ QHXWURQLUUDGLDWHG DW y&  WKH ODWWLFH SDUDPHWHU FKDQJH LQ WKH
DD[LV DQG WKH FD[LV DQG WKH FKDQJH LQ WKH PDFURVFRSLF OHQJWK ZHUH VDPH DQG WKH\ UHFRYHUHG IURP y& >@
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7KHVH VWXGLHV VKRZHG WKDW LQ WKH FDVH RI m$O2 DQG $O1 LQWHUVWLWLDO DWRPV REWDLQHG HQRXJK PRELOLW\
WR PLJUDWH DQG UHFRPELQH ZLWK YDFDQFLHV DW y& DQG FOXVWHUHG WR IRUP LQWHUVWLWLDO GLVORFDWLRQ ORRSV DERYH
y& ZKLOH UHFRPELQDWLRQ RI YDFDQFLHV DQG LQWHUVWLWLDO GLVORFDWLRQ ORRSV ZDV UHVWULFWHG XQWLO y& +RZHYHU
WKH HOHFWURQLUUDGLDWHG m$O2 DQG $O1 VSHFLPHQV VKRZHG UHFRYHU\ DERYH y& ZKLFK LV GLmHUHQW IURP WKH
EHKDYLRU RI QHXWURQLUUDGLDWHG VSHFLPHQV PHQWLRQHG DERYH ,W LV K\SRWKHVL]HG WKDW GLVWULEXWLRQ RI GHIHFWV PD\
EH GLmHUHQW EHWZHHQ WKH HOHFWURQLUUDGLDWHG VSHFLPHQV DQG WKH QHXWURQLUUDGLDWHG VSHFLPHQV
)DVW QHXWURQ LUUDGLDWLRQ LQGXFHV FDVFDGH GHIHFWV XQOLNH HOHFWURQ LUUDGLDWLRQ $W WKH FHQWHU RI D FDVFDGH PDQ\
YDFDQFLHV DUH LQGXFHG LQ D VPDOO DUHD ZKLOH LQWHUVWLWLDO DWRPV DUH GLVSHUVHG DW WKH SHULSKHU\ RI WKH FDVFDGH 2Q
WKH RWKHU KDQG HOHFWURQ LUUDGLDWLRQ LQGXFHV VLPSOH SRLQW GHIHFWV +RZHYHU WKLV GLmHUHQFH LQ WKH GLVWULEXWLRQ RI
GHIHFWV GRHV QRW H[SODLQ WKH GLmHUHQW UHFRYHU\ EHFDXVH VLPSOH SRLQW GHIHFWV UHFRYHU PRUH HDVLO\ WKDQ FDVFDGH
GHIHFWV )XUWKHU VWXG\ RI WKH DQQHDOLQJ EHKDYLRU RI HOHFWURQLUUDGLDWHG VSHFLPHQV LV UHTXLUHG WR H[SODLQ WKLV
 5HFRYHU\ EHKDYLRU RI n6L1 DQG n6L&
7KH QHXWURQLUUDGLDWHG n6L1 DQG n6L& VKRZHG D VPDOO UHFRYHU\ DERYH y& 6HYHUDO VWXGLHV VKRZHG WKDW
QHXWURQ LUUDGLDWLRQ DERYH y& LQGXFHG LQWHUVWLWLDO GLVORFDWLRQ ORRSV LQ 6L& > @ DQG LQ n6L1 >@ ,W
ZDV UHSRUWHG WKDW 6L& VSHFLPHQV QHXWURQLUUDGLDWHG DW y& VKRZHG D GLmHUHQFH EHWZHHQ WKH PDFURVFRSLF
VZHOOLQJ DQG WKH FKDQJH LQ WKH ODWWLFH SDUDPHWHU PHDVXUHG E\ ;UD\ GLmUDFWLRQ  ;5'  ZKLOH RWKHU VSHFLPHQV
QHXWURQLUUDGLDWHG DW y& XS WR  GSD VKRZHG DOPRVW QR GLmHUHQFH >  @ 6ZHOOLQJ LQ WKHVH VSHFLPHQV
ZDV UHFRYHUHG ZLWK DQQHDOLQJ DERYH WKH LUUDGLDWLRQ WHPSHUDWXUH (YHQ LQ DQ 6L& VSHFLPHQ QHXWURQLUUDGLDWHG
DW y& WKLV UHFRYHU\ DERYH WKH LUUDGLDWLRQ WHPSHUDWXUH ZDV UHSRUWHG >@
,Q WKLV VWXG\ HOHFWURQ LUUDGLDWLRQ ZDV SHUIRUPHG DW y& DQG WKH UHFRYHU\ RI WKHUPDO GLmXVLYLW\ LQn6L1 DQG
n6L& VWDUWHG DURXQG y& 7KLV RQVHW WHPSHUDWXUH LV D OLWWOH KLJKHU WKDQ WKH LUUDGLDWLRQ WHPSHUDWXUH 7KH
DQQHDOLQJ VWXG\ RI WKHUPDO GLmXVLYLW\ LQ n6L1 DQG n6L& LV VWLOO QRW HQRXJK DQG WKH ORZHVW WHPSHUDWXUH WR
UHFRYHU WKHUPDO GLmXVLYLW\ LV QRW FOHDU XQOLNH m$O2 DQG $O1
+RZHYHU WKH QHXWURQ LUUDGLDWLRQ ZDV SHUIRUPHG DW y& RU y& 8VXDOO\ UHFRYHU\ ZLWK DQQHDOLQJ LV
REVHUYHG DERYH WKH LUUDGLDWLRQ WHPSHUDWXUH ,Q SDUWLFXODU 6L& ZDV XVHG DV D PRQLWRU IRU WKH LUUDGLDWLRQ
WHPSHUDWXUH VLQFH WKH UHFRYHU\ RI VZHOOLQJ ZDV VWDUWHG IURP WKH LUUDGLDWLRQ WHPSHUDWXUH >@ +HQFH UHFRYHU\
RI WKH LUUDGLDWHG VSHFLPHQV EHORZ WKH LUUDGLDWLRQ WHPSHUDWXUH LV XQH[SHFWHG
 'HIHFW VWUXFWXUH PRGHO
7KH GLmHUHQFH EHWZHHQ WKH QHXWURQLUUDGLDWHG m$O2 $O1 DQG n6L1 n6L& PD\ DULVH IURP WKH GLmHUHQFH
LQ WKH FU\VWDO VWUXFWXUH DV GLVFXVVHG LQ D SUHYLRXV ZRUN >@ ZKHUH WKH GHIHFW VWUXFWXUH ZDV H[SODLQHG E\ WKH
CSLOHXS
 PRGHO VKRZQ LQ )LJ   m$O2 DQG $O1  DQG WKH CQDQRSDUWLWLRQ
 PRGHO VKRZQ LQ )LJ   n6L1 DQG
n6L&  ,Q WKH SLOHXS PRGHO LQWHUVWLWLDO GLVORFDWLRQ ORRSV DUH LQVHUWHG LQ WKH VDPH KH[DJRQDO EDVDO SODQH 
ZLWKRXW DQ\ UHVWULFWLRQ RQ LQGXFLQJ D QHZ ORRS 7KHVH LQWHUVWLWLDO GLVORFDWLRQ ORRSV ZRUN DV VLQNV RI LQWHUVWLWLDO
DWRPV VR WKH FRQFHQWUDWLRQ RI LQWHUVWLWLDO DWRPV PD\ EH ORZ ,Q WKH QDQRSDUWLWLRQ PRGHO LQWHUVWLWLDO GLVORFDWLRQ
ORRSV DUH LQGXFHG LQWR FU\VWDOORJUDSKLFDOO\ HTXLYDOHQW SODQHV RI IRUPV WKH\ FURVV HDFK RWKHU ZKLOH WKH FU\VWDO
VWUXFWXUH GRHV QRW DOORZ LQWHUVHFWLRQ VR WKLV VWUXFWXUH UHVWULFWHG WKH JURZWK RI ORRSV RU LQGXFWLRQ RI QHZ ORRSV
&RQVHTXHQWO\ LQWHUVWLWLDO DWRPV ORVH VLQNV DQG LW PD\ OHDYH D KLJKHU FRQFHQWUDWLRQ RI LQWHUVWLWLDO DWRPV WKDQ
LQ WKH FDVH RI WKH SLOHXS PRGHO 7KLV LV H[SODLQHG GLmHUHQWO\ XVLQJ WKH C%,$6 HmHFW
 WKDW LV WKH DFWLYDWLRQ
HQHUJ\ UHTXLUHG WR JDWKHU DQ LQWHUVWLWLDO DWRP WR DQ LQWHUVWLWLDO GLVORFDWLRQ ORRS LV VPDOOHU WKDQ WKDW UHTXLUHG
WR UHFRPELQH DQ LQWHUVWLWLDO DWRP ZLWK D YDFDQF\ DQG GLVORFDWLRQ ORRSV ZRUN VWURQJHU DV D VLQN RI LQWHUVWLWLDO
DWRPV WKDQ YDFDQFLHV >@ ,Q m$O2 DQG $O1 WKH %,$6 HmHFW LV VWURQJHU WKDQ IRU n6L1 DQG n6L& DW
KLJKHU WHPSHUDWXUHV ,Q WKH FDVH RI HOHFWURQ LUUDGLDWLRQ RQO\ SRLQW GHIHFWV ZHUH LQGXFHG LQ WKH ERWK VWUXFWXUH
VR QR %,$6 HmHFW ZDV REVHUYHG
7KLV PRGHO H[SODLQV QR UHFRYHU\ RI WKHUPDO GLmXVLYLW\ LQ m$O2 DQG $O1 XQWLO y& E\ K\SRWKHVL]LQJ WKDW
PRVW LQWHUVWLWLDO DWRPV ZHUH FDSWXUHG LQWR ORRSV EHFDXVH RI WKH VWURQJ %,$6 HmHFW DQG IHZ LVRODWHG LQWHUVWLWLDO
DWRPV DQG PDQ\ YDFDQFLHV ZHUH OHIW LQ WKH SRVWLUUDGLDWHG VSHFLPHQV $W D WHPSHUDWXUH KLJKHU WKDQ y& LW
LV EHOLHYHG WKDW YDFDQFLHV REWDLQ HQRXJK PRELOLW\ WR PLJUDWH DQG WKHQ UHFRPELQH ZLWK LQWHUVWLWLDO ORRSV
 $ K\SRWKHVLV CVHFRQGDU\
 LUUDGLDWLRQ DW ORZ WHPSHUDWXUH
+RZHYHU WKH UHFRYHU\ EHORZ WKH LUUDGLDWLRQ WHPSHUDWXUH LQ WKH QHXWURQLUUDGLDWHG n6L1 DQG n6L& LV QRW
HOXFLGDWHG E\ WKH DERYH H[SODQDWLRQ 7KLV UHVXOW FRXOG EH EHFDXVH WKHVH VSHFLPHQV ZHUH LUUDGLDWHG DW WZR
GLmHUHQW FRQGLWLRQV ,Q RWKHU ZRUGV LW LV K\SRWKHVL]HG WKDW WKH VSHFLPHQV ZHUH LUUDGLDWHG RQFH DW WKH VHW
WHPSHUDWXUH DQG DIWHU WKDW WKH\ ZHUH H[SRVHG WR D CVHFRQGDU\
 LUUDGLDWLRQ DW ORZHU WHPSHUDWXUHV ZKLOH WKH
UHDFWRU ZDV VKXWWLQJ GRZQ 7KH VSHFLPHQV LQ WKLV ZRUN ZHUH LUUDGLDWHG LQ WKH &RUH 0DWHULDO ,UUDGLDWLRQ 5LJ














)LJ  6WUXFWXUH LPDJH PRGHO RI CSLOHXS
 GLV









)LJ  6FKHPDWLF PRGHO RI CQDQRSDUWLWLRQV
  GLVORFDWLRQ
ORRSV ZKLFK UHVWULFW WR JURZWK HDFK RWKHU 
&0,5 WKDW ZDV ORDGHG LQ WKH UHDFWRUFRUH ZLWK RWKHU IXHO DVVHPEOLHV VR WKH VDPSOHV ZHUH QRW UHPRYHG XQWLO
WKH LUUDGLDWLRQ F\FOH ZDV nQLVKHG 7KH QHXWURQ LUUDGLDWLRQ ZDV SHUIRUPHG LQ -2<2 WKDW KDYH D KLJK QHXWURQ
oX[ RI  d  QPcV QHDU WKH FRUH WKDW JLYHV  GSD ZLWKLQ  K 'XULQJ WKH VKXWGRZQ SURFHVV WKH QHXWURQ
oX[ ZDV GHFUHDVHG E\ WKH FRQWURO URG EXW WKH oX[ GLG QRW GHFUHDVH VLPSO\ ZLWK WKH WKHUPDO SRZHU VR LW LV
EHOLHYHG WKDW WKH VSHFLPHQV ZHUH LUUDGLDWHG WR D FHUWDLQ H[WHQW DV PHQWLRQHG DERYH ,UUDGLDWLRQ WHPSHUDWXUH
LQ WKH &0,5 ZDV FRQWUROOHG E\ oX[ RI PROWHQVRGLXP FRRODQW DQG oKHDWLQJ EXW QRW FRQWUROOHG E\ DQ\ KHDWHU
XQOLNH 0$5,&2 0DWHULDO 7HVWLQJ 5LJ ZLWK 7HPSHUDWXUH &RQWURO LQ -2<2 6QHDG HW DO VKRZHG WKDW DQ
LUUDGLDWLRQ RQ 6L& XS WR  GSD DW y& LQGXFHG D ODUJHU VZHOOLQJ DQG WKHUPDO GLmXVLYLW\ GHJUDGDWLRQ WKDQ
WKDW LQGXFHG E\ DQ LUUDGLDWLRQ XS WR  GSD DW y& >@ 7KLV LQYHVWLJDWLRQ VKRZV WKDW WKH QHXWURQLUUDGLDWHG
n6L& FRQWDLQHG FRQVLGHUDEOH SRLQW GHIHFWV LQGXFHG E\ WKH CVHFRQGDU\
 LUUDGLDWLRQ DW WKH ORZHU WHPSHUDWXUH
7KLV CVHFRQGDU\
 LUUDGLDWLRQ DOVR RFFXUUHG RQ WKH m$O2 DQG $O1 VSHFLPHQV EXW WKH UHFRYHU\ DW ORZ
WHPSHUDWXUHV ZDV QRW REVHUYHG ,Q WKH FDVH RI n6L& GHJUDGDWLRQ LQ WKHUPDO GLmXVLYLW\ OHYHOHG RmDW D UHODWLYHO\
ORZ GRVH   GSD DW y&  >@ EXW RQ WKH RWKHU KDQG m$O2 VKRZHG IXUWKHU GHJUDGDWLRQ XQWLO  GSD
>@ 7KH KHDYLO\ QHXWURQLUUDGLDWHG m$O2 DQG $O1 VKRZHG ORZHU WKHUPDO GLmXVLYLW\ WKDQ n6L1 DQG n6L&
7KLV LV DOVR H[SODLQHG E\ WKH %,$6 HmHFW ,Q WKH SLOHXS VWUXFWXUH PRVW LQWHUVWLWLDO DWRPV PLJUDWHG DQG JDWKHUHG
WR LQWHUVWLWLDO GLVORFDWLRQ ORRSV ZLWK D VWURQJ %,$6 HmHFW GXULQJ WKH QHXWURQ LUUDGLDWLRQ SHUIRUPHG DW WKH VHW
WHPSHUDWXUH DQG WKH YDFDQFLHV LQGXFHG ZLWK WKHVH LQWHUVWLWLDO DWRPV ZHUH QRW DmHFWHG $ KLJKHU FRQFHQWUDWLRQ
RI WKHVH YDFDQFLHV PDGH WKH UHFRPELQDWLRQ SUREDELOLW\ RI LQWHUVWLWLDO DWRPV LQGXFHG E\ WKH CVHFRQGDU\
 LUUDGLDWLRQ
KLJKHU WKDQ LQ WKH FDVH RI WKH QDQRSDUWLWLRQ VWUXFWXUH ZKHUH WKH %,$6 HmHFW ZDV UHVWULFWHG DQG FRQFHQWUDWLRQ
RI YDFDQFLHV ZDV ORZ )XUWKHUPRUH DGGLWLRQDO GHJUDGDWLRQ RI WKHUPDO GLmXVLYLW\ LQGXFHG E\ WKH CVHFRQGDU\

LUUDGLDWLRQ ZDV UHODWLYHO\ ORZ EHFDXVH RI WKH KLJKHU FRQFHQWUDWLRQ RI YDFDQFLHV GXULQJ CSULPDU\
 LUUDGLDWLRQ
7KHUPDO GLmXVLYLW\ m LV REWDLQHG E\ m  xw ZKHUH x PHDQ VSHHG RI SKRQRQ DQG w PHDQ IUHH SDWK RI
SKRQRQV DQG WKH PHDQ IUHH SDWK RI SKRQRQV DIWHU LUUDGLDWLRQ w, LV JLYHQ DV  w,   w wG wG ZKHUH
w LV IRU XQLUUDGLDWHG PDWHULDO wG LV UHODWHG WR WKH GHIHFWV LQGXFHG E\ WKH CSULPDU\
 LUUDGLDWLRQ DQG wG LV
UHODWHG WR WKH GHIHFWV LQGXFHG E\ WKH CVHFRQGDU\
 LUUDGLDWLRQ ,Q WKH FDVH RI WKH QHXWURQLUUDGLDWHG m$O2 DQG
$O1 wG PLJKW EH VPDOOHU WKDQ IRU WKH n6L1 DQG n6L& VR HYHQ LI WKH VDPH DPRXQW RI YDFDQFLHV DUH LQGXFHG
E\ WKH CVHFRQGDU\
 LUUDGLDWLRQ LW KDG D VPDOOHU FRQWULEXWLRQ WR WKHUPDO GLmXVLYLW\ DIWHU WKH LUUDGLDWLRQ
 &RQFOXVLRQ
m$O2 $O1 n6L1 DQG n6L& FHUDPLF VSHFLPHQV ZHUH LUUDGLDWHG E\ 0H9 HOHFWURQ XS WR  GSD $OO
WKH HOHFWURQLUUDGLDWHG VSHFLPHQV VWDUWHG UHFRYHULQJ WKHUPDO GLmXVLYLW\ ZLWK DQQHDOLQJ IURP ^y& ,Q
DGGLWLRQ QHXWURQLUUDGLDWHG n6L1 DQG n6L& VKRZHG UHFRYHU\ DERYH y& 7KH HOHFWURQ LUUDGLDWLRQ ZDV
SHUIRUPHG DW y& ZKLOH WKH QHXWURQ LUUDGLDWLRQ ZDV SHUIRUPHG DW y& RU y& 7KLV UHFRYHU\ EHORZ WKH
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LUUDGLDWLRQ WHPSHUDWXUH LV XQH[SHFWHG ,W LV K\SRWKHVL]HG WKDW WKLV LV EHFDXVH CSULPDU\
 LUUDGLDWLRQ RFFXUUHG DW
WKH GHVLUHG WHPSHUDWXUH DQG DIWHU WKDW D CVHFRQGDU\
 LUUDGLDWLRQ RFFXUUHG DW D ORZHU WHPSHUDWXUH GXULQJ WKH
VKXWGRZQ SURFHVV RI WKH UHDFWRU
2Q WKH RWKHU KDQG WKH QHXWURQLUUDGLDWHG m$O2 DQG $O1 GLG QRW VKRZ WKLV XQH[SHFWHG UHFRYHU\ EXW
VKRZHG UHFRYHU\ DERYH y& 7KLV GLmHUHQFH ZDV H[SODLQHG E\ WKH VWUXFWXUDO PRGHO RI GLVORFDWLRQ ORRSV ,Q
WKH CSLOHXS
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